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SUMMARY

The abrasiveness of samples of graphite of confrolled shape has been
showmn to be related to the aspect ratio of the crystallites. A decreasing
aspect ratio results in increasing abrasiveness. Whilst the same kind of
relationship is valid for MoSZ, its more complex surface chemistry does not
yot permitv the direct calculation of crystal aspect ratios. The effect of
particle.ahape on the abrasiveness of graphite and MoS2 is interpreted
mainly in terms of tl.. probability of crystals presenting edge faces to the
surfaces in the sliding environment.
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1 INTRODUCTION.

It is well knmown that graphite can cause considerable wear of even haxrd
metals during machining operations 2v in certain conditions of sliding. The
abrasive nature of graphite appears to be due to its mechanical aniaotropy1,
ixself a consequence of its jamellar cnemical structure, and the hardness in
the basal plane direction, in which ..2e serbcn atoms are close-packed, hes
been estimated at 8+5 !ohs1 or slightly greater than 1500 V.P.N.2.

Lancaster et al. have shown how the maximum hardness of lamellar solids may
be estimated2 and how their abrasiveness is related to particle size, impur-
ity content and degree of crystalline perfectionB» Under the conditions of
testing chosen, increasing particle size and impurity content resulted in
increasing abrasiveness. The influence of the degree of order in the crystels
was examined by ceasuriag the ebrasiveness of samples of gfaphite having &
range of 'p' values, i.¢. & range of probabilities of layer displacement. It
was found that increasing 'p' values resuited in both increased bulk hardnessa
of the graphite and increased abrasiveness.

With the development ot methods both for producing crystals of lamellar

solids of controlled shapeu’5

s and for estimating their shape from adsorption
mlerocalarimetry, iv has become possible to assess the effect of particle
shape on the abrasiveness of such materials, and this was the object of the

present work,

2 EXPERIMENTAL

2ol Preparation of materials

Samples of graphite and of M082 were ground in a vibratory dball mill to
produce crystallites having elther a higher or lower ratio of basal plane:
adge face areas than the starting materiai. The method, which has béen
described ia detail elsewhereh’g, relies on the presence of & fluid medium to
modify the cleavage of the crystel during the grinding procsss. Use of air

as the medium results in the production of particles with aspect ratios less
than approximately 10, whilst tlie uze of a hydrocarbor medium produces thin,
plete«like particles with aspsct ratics of between 10 and 100. In the present
work, the grinding was carried out in liquid n-hepiene, and the wesr debris
was removed magnetically. 1In the case of graphite, tha chosen starting
material was a synthetic, nucleer grade, whilst for KOSZ, a starting material
conforming to specification DEF 2304 was chosen, Grinding waz carried out as
outlined above to produce particles of the desired shape: tneir shape and
sbrasive properties were then estimated as described in the following sectinns.
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2.2 Massurement of particle shavpe

An estimate of the 'mean' particle shapo of the crystallites or a
lamellar solid may in principle be obtained by eoxamination of a
number of photographs or electron micrographs of these ecrystallii ot
such a method would be inerdinately tedious. Another method, deve ved oy
Groszek, depends on the preference which compounds with long methyiene chains
exhibit for adsorption on the nor=polar, basel plane faces of lamellar solids
such as grapnite and M052 6. Adsorption of a non=polar, long=-chain organic
compound, such as a higher paraffin, occurs such that the molecule forms the
maximum number of contacts with the surface of the adsorbent. This it
achleves when it is adsorbzd in the prone position. In contrast, polar
organic moiecules, such as alcohols, prefer to undergo adsorption on the high
energy, polar edge faces of the crystal. Hence the ratio of the basal plane:
edge face area of a lamellar solid may be estimated by measuring, in a flow
microcalorimeter, the amount oi' heat evolved when adsorption of n-dotriacontane
(n-C32H66) and =butanol (n-Chﬁ9OH) takes place on their respective sites. The
amount of heat evolved in each case is a measure of the surface area of that
particular type of site and hence the ratio cf the heats evolved in non-polar
and polar adsorption is related tn the ritio of the basal plane:edge face ares.
This ratio may be calculated if the integral heats of adsorption of the com-
pourds on the particular face of the lamellar solid are known, and hence a mean
aspect ratio for the particles may be calculated on the assumption of a partic-

ular model crystal shape,

v

The flow microcalorimeter’' used in this work, and its application in
measuring the heats of cdsorption of long chain compounds on graphite8 and of
polar orgunic molecules on oxides and metals9 has been described in detail

previously.

2.3 Measurement of abrasiveness

The abrasiveness of the lazellar solid was estimated hy measuring the
rate of wear of a % inch diameter phosphor-bronze ball siiding aguinst a PTFE
(or polypropylene) disc, in the presence of a dispersion of the lamellar solid.
Fige!1 is a photograph of the apparatus, which has been deacribed in detail
previoualy1o. The ball, mounted in a chuck rotating at 240 rev/min was slid,
under a load of 1 kg, against a disc rotating at #8 rev/min, whose axis of
rotation was offset “rom that of the chuck. Hence the =liding path of the
bail was apread out over the disc intoc the form of an annular ring, and the

wear of the ball was concentrated ut its tip. The volume of material removed




from the ball during a known distance of sliding was estimated by superimposing
profiles of the ball taken before and after sliding, f'ollowed by integration of

elemental areas around the axis of the wear scar. Typical results are shown in
Fig. 2,

The distance of sliding, in given time T, was computed from the
relationship

speed of rotation of ball

D = C{2%xnd T 3 ’
[2mna 1], < half-width of annular ring

d

where the term in brackets is the distance travelled assuming that the disc is
stationary and C 1is a currection factor calculated o account for the rela-

tive motions of the ball and disc. Under the conditions used in this work,
C = 0'890

The lower limit of detection of wesr in this method of measuring abrasion
was defined by the wear cccurring when no dispersion was present, i.ee. when the
wear was solely due to the disc-ball contacts, and corresponded to a wear rate
for the ball of ~ x 10“12 dmj/cm kg for PTFE discs and to ~3 x 10712 cmj/cm kg

for polypropylene discs.

In the case of MoSz, dispersions of 20% by weight of powder in a silicone
fluid of viscosity 20 cs (MS 200) were found to be suitable, whilst for gragph-
ite, 10% dispersions were preferable because of the greater thickening activity
of the graphite., The high speed of rotation of the ball and chuck served to
stir the dispersion efficiently during sliding, whilst the slow speed of the

disc assembly avoided separation of the solid particles by centrifugal effects.

3 RESULTS AND DISCUSSION

3.1 Graphite

Table 1 lists the samples used and their mode of prepsravion, their totul
surface areas, calculated trom a B.E,T. analysis of nitrogen adsorption isc-
therms, the amount of heat evolved when 1 gm of each sample sdsorbs
n=dotriacontane and n-butancl from n-heptane solution, the ratic of iluese heats,
and the rate of asbrasior of a phosphor-bronze ball sliding againgt PTFE in the
presence of a dispersion of these semples. Fig.3 is a plot of the 1rate of
abrasion of the hall as a function of the ratio of the heat evoived on adscrp-
tion of the non-polar material to thet evolved on adsorption or the polar

material, Q%EB;R‘ o« It is clear that the rate of abrasion increases with
*
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decreasing E%ﬁﬁaﬂa o« The latter ratio is a measure of the ratio of non
pclar: polar surggce area in the crystal and hence of ths ratio basal plane:
edge face area. Thus the rate of abrasion increasss as the ratio of basal

plane: edge face area decreases, i.e. as the crystal becomes less plate-like

and as the aspect ratio decreases.

Recently relationships have bsen established between tihe heat of adsorp-
tion of n~dotriacontane and the basal surface area of graphites, and between
the heat of adsorption of n=-butanol and the edge face area of graph‘”qs11.
Evolution of 1 cal/gm or adsorption of n-dotriacontane corresponds to 83 m2 of
basal plene area, whilst evolution of 1 cal/gm on adsorption of n~butanol
corresponds to an edge-face area of 28 m2. Hence from the data in columns
three and four of Table 1, it is po-~3ible to calculate the basal plane area
and edge-face ares of each sample of graphite, and therefore 4¢ determine a
crystallite aspect ratio on the basis of a chnsen model crystallite shape.

For disc-like particles, or square plates, the aspert ratio is twice the ratio
of basel planc-edge face area, whilst for regular hexagonal plates the f'actor
becomes 4/V3. Hence no significant difference results from verying the choice
of particle shupe. Tablie 2 lists the rsazults of calculating the polar and
non-polar areas, and hence the aapect ratios, for the graphites in Table 1 by
the method outlined above, and the rete o abrasion is plotted as a function
of the calculated aspect ratio in Flg.b5.

An alternative method of calculating crystal aspect ratios relies on ths
assumption that the forces birding n=butenol molecules to the edge sites of
graphite are due %o nydrogen bonding. This is not unreasonable, since these
sites are likely to be covered with a layer of chemisorbed oxygen ard water12’13,

leading to the possibility of hydrogen-bonding as shown belor;~

hydrogen=bcad

¢ chemisorbed oxygen

- C « C = ¢ =« C =« ¢ =
' i i ' ' carbon atoms in the
surface layer
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Under this condition, end ir' the n-butanol forms a close-packed 'monolayer'

on the available edge sites, then the integral heat of preferential edsorption
of' the butanol con graphite is the same as that for n-butanol adsorbed on metal
oxides, where hydrogen-bonding controls adsorption14. The area available for
butarol adsorption, that is the edge-face area, may then be derived from
previously recorded data9, which relates the heat of preferential adscrption
of n-hutanol on a series of oxides to their known surface area. Having thus
derived the polar area of the graphite, and knowing the total B.E.T. nitrogen
area, the basal plane area may be obtained by difference and hence the ratio
basal plane: edge face area may be calculated. Finally, a crystal aspect ratio
may be determined on the assumption of a model crystal shape. The results of
such 2 method are included in Fig.5 as a dotted line, and may be compared with
the more direct method which utilises empirically established relationships.
The two methods agree only at the higher values of crystal aspect ratic, i.e.
when the proportion of edge sites is very small, The reasons for this sre
twofold: first, the hydrogaen~bond model over-estimates the edge face areas by
a factor of almost two, and second, the great affinity of n-dotriacontane for
the basal planes of graphite allows it to adsorb or basal areas which .e
inaccessible to nitrogen11. Both phenomena resuvlt in increasing divergence in
calculated aspect ratio as the aspect ratio decreases. The ability of
n-dotriscontane to adsorb on basal surface which is inaccessible to nitrogen
leads to the fact that the total surface areas calculated as the sum of the
basal and edge face areas in Table 2 are greater thur the total surface ureas

as measured by nitrozen adsorption isotherms {Tahle 1).

It is clear from Fig.5 that the more plate~like the crystallites become,
the less abrasive they are under these conditions of sliding. Two factors,
the orientation of the crystzliites at the sliding interface,; and their degree
of crystalline disorder, are probably respoasible for this effect. Crystals
having a high aspect ratio are very likely to lie fiat at the sliding inter~
f'ace and hence present their basal planes to the sliding surfaces. They there-
fore sheor easily in the direction of sliding and show little inclination to
embed in ‘he plastic or metal surfaze, Further, stresses normal to the slid-

15

ing interface will result, as observed by Savage 7, in deformation of the
crystal, which 1s relatively weak in the 'C' direction, rather than in abrasion
of the metal. In contrast, crystals having an aspect ratic not far from unity
are almost as likely to present edge-facecs as basal planes to the sliding sur-

taczs, and thus are mere likely to scratch the metal surface. Because they are
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also morc likely to become enbedded in the plastic when the aspect ratic is
low, the abrasion effect becomes more pronounced. Hence crystallites =i low

aspect ratio preser! the possibility of both threce-body abrasion sud effect-
lvsly two-body abrasion.

The second factor, the degree o disorder in the crystals, affects the
intrinsic abrasiveness of the material5. he grinding process introduces some
turbostraticity (i.e. the degree of misorientation of basal planes by rotation
about the 'C' exis) into the crystals, particularly those of low aspect ratio,
and the capid rise in abrasiveness as the aspect ratio falls may in part be
due to the effect of turhostraticity itself on abrasiveness, though to what

extent it is not possible to Jjudge.

2

202 Molybdenum disulphide

Table 3 lists the abrasiveness, the amount of heat evolved on sdsorption
of non~polar and polar compounds on their respective sites, and the ratio of

these heats on eleven samples of MoS The starting material, No.1, confurm-

ing to specification DEF 2304, was giound in a hydrocarton and in air to pro-
duce respectively crystals of higher (Nos.4, 5 and 6} snd lower (Nos.2 and 3)
aspact ratios than the original material., Samples 7-11 inclusive are commercial
matecrials from four different sources; 10 and 11 are reference samples provided
for research purposes by the Climax Molybdenum Co., naving the properties
detailed in Table L.

The influence of Agﬂn;p. , and thas of particle shape, on the abrasive-

ness of M082 is shown in Figeo. The lines are drawn lu estallish the relation-
ships, both on PTFE and polypropylene, for materials 1-6 inclusive, since these
were prepared {rom common stock. It is clear that, as with graphite, increas-
ing aspect ratio leads to particles of decreasing abressveress. The points
numbered 7-11 inclusive refer to the commercial materials listed in Table 3.
Their scatter from the full line is entirely towards a higher ubrasiveness than
their measured aspect ratio would suggest: this is protably a conseguence of
their varying particle size, degree of crystalline perfection and impurity

content.

The use of polypropylene discs in place of PIFE cuunses the wear scars on
the phesphor bronze valls to hecome flatter, since the disc does no' deform eo
resdily and *he wear is corcentrated ai the tip 5f the ball. Further, the wear

rates cn polypropylene are higher than on PIFE discs. 1t seems iikely that

this is related to the ense with which particles tecome embedded in the plastic




and whether, on becoming embedded, they cuatinue to support any part of the
applied loed.

It is difficult to differentiate between effects due to particle size
and particle shape when considering crystels which are not defined by a single
dimension, such as cubes or spheres, However, comparison of samples 10 and 11
shows that their abrasiveness differs by an order ot magnitude, despite their
similar impurity contents. The 'size' of the orystels, which is probably a
measure of their basal dimension, controls how easily they become embedded in

the plastic disc and thus how rapidly, they are able to wear the phosphor-
tronze ball,

Comparison of Figs.3 and 6 shows that the values of A%EE§B& for M082
are approximately onc¢ oider of magnitude lower than the corresp;nding values
for graphite. Therefore, either the ratio of basal plane: =dge [lace &areas

are very difTerent in the MoS, samples, i.e. they have aspect ratics an order

of magnitude lcwer than the giaphite semples, cr the integral heat of adsorp-
tion of n-butanol is greater on MoS2 than on graphite. The form« wpossibility
seems unlikely, since the maximum aspect raitio would then be approxiuately 10
and the minimum O+3: the latter particles would be much more iikely to present
edge faces than basal planes to the sliding surfaces and hence their abrasive-

ness would be expected to be higher than is observed.

The postulate that the heat of adsorption of n-butanol is greater on
M082 than on graphite is much more tenable, in view $g the more complex
chemical nature of MoSz. Thermogravimetric analysis ~ suggests that the
surface oS {os2 is covered by a layer ol MOO3’ which promotes adsorption of
water12, and that even at low temperatures chemisorption of water leads to the
formation of MoOS2 17. The situation is further complicated by th: fect that
comninution of MoS2 in air leads to the formaticn of water-coluble sulphete
(SOA?‘) and hexavalent molybdenum13’16 It is therefore probable that the
presence of ionic surface contaminants results in a considerable increase iu
the heat of adsorption of pclar molecules, such as n-butanol, on the surface
of MoSz. This is substantiated by expergment (e.gs the heets of adscrption
on air=-ground materials are 0:0048 cal/m” for graphite sample No.4, and
C145 caJ./m2 for MoS, sample No.3), ard by the fact that, if edge face areas
are calculated on the basis of the original assumptions, then in the case of
air-ground samnples, the edge face areas appear to be greater than the total

surface area as measured by nitrogen adsorption. In the absence of an




10 G2

empirical relationship between the heats of adsorption of u-dotriacontane
and n-butancl on the non-polar and polar sites of the molybdenum disulphide
surface, it remaina impossible to calculate meen aspect retics for ihe

various samples, but the trend shown in Fig.o remains valid.

4 CONCLUSIONS

The abrasiveness of samples of graphite hus been shown to be related

to their shape. A Jocreasing aspect ratio results in increasing ahrasivensss
of the crystallites.

Established relationships between the heat of' adsorption of non=polar
compounds and the basal surf'ace area of graphites, and between the heat of
adsorption of polar compounds and the edge face areas allow direct calcula-
tion or mean crystallite aspect ratios. Jalculations based on the assumption
of a specific surface chemistry of adsorption of polar compounds on edge face
sites of graphite yield similar, but less reliable, aspect ratios.

A similar relationship exists between the particle shape and abrasive-
ness of MoSz, although the more complex surface chemistry of MoS2 doss not
permit the calculation of aspect ratios.

The differences in shrasiveness shown by particlss of varying shape has
been interpreted mainly in terms of the probsbility of the crystal presenting
edge faces to the sliding surfaces; differences in intrinsic abrasiveness,

due to turbostraticity, ar- probably of secondery importence.
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Table 2

ASPECT RATIOS OF GRAPHITE SAMPLES, CALCULATED FOR
SIMPLE DISC-LIKE CRISTALS

| Sample Basal L;.ne area | Edge r ,ge area A:geg:.y ::;i_o
m om
1 10 1+65 12
2&3 258 155 B3
4L 58 7-8 15
5 143 5:6 51
6 113 22 103

2L
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Table 4
THE CHEMICAL COMPOSITION OF MoS2

SAMPLES NUMBERS {0 AND 11

Sample No,10 | Sample No. 11

Mo 58<55 5860
S 3915 39 bl
MOO3 0418 003
Fe 014 012
H20 0-035 0+0
011 017 0047
c 13 1.22
Total insolubles 0+58 051
Acid Ne, - O-14 0-014
Particle aize O0+7 pm 7+0 pm
&H n.p./8H p. 0+3 0+18
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Fig.4a. Electron micrograph of air-ground graphite, x20,000
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